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ABSTRACT

As the lead-off presentation for the topic of nonlinear waves and their evolution, we will illustrate
some prominent examples of waves in space plasmas. We will describe recent observations
detected within planetary foreshocks, near comets and in interplanetary space. It is believed that
the nonlincar LF plasma wave features discussed here are part of and may be basic to the
development of plasma turbulence. In this sense., this is one area of space plasma physics that is
fundamental, with applications to fusion physics and astrophysics as well. It is hoped that the

reader(s) will be stimulatedto study nonlinear wave development themselves, if he/she is not
already involved.




INTRODUCTION

Onc of the most fundamental topics in space plasma physics is the nature of nonlinear waves and
their evolution to partial and full turbulence. Because of the large scale sizes of waves in space,
multipoint measurements can be made within a single wavelength, as the waves get convected
past/propagate past the spacecraft. Of the various wave phenomena in space plasmas, the cometary
case is unigque because there is a well-defined narrow-band “pump” frequency which is essentially
at the localion cyclotron frequency in the instrument (spacecraft) rest frame of reference. At
frequencies higher than the “pump”, the wave power fals-off with frequency dependences
between {-3310 {-2-5, indicative of spectra developing towards, or reaching Kolmogorov or
Kraichnan turbulence.

Detailed investigation of waves at higher and lower frequencies than the pump frequency can be
used to identify “daughter” and “granddaughter” waves, and thus determine the specific
mechanism for the formation of plasma turbulence. Various mechanisms such as wave-wave
modulational instabilities, decay instabilities, four-wave processes, wave-particle interactions,
dispersion and damping all can affect and be part of this turbulent spectrum (see Chen,1990). To
begin the review, wc will first discuss the plasma instabilities that arc involved at comets and
planetary foreshocks. Because cometary ions initially have amost zero velocity in the spacecraft
frame, ion cyclotron waves are detected at the local cyclotron frequency, making this case more
tractable (although there is afinite frequency width associated with the resonance, and cyclotron
harmonics may aso bc present, these effects are small in comparison with the broad wave
spectrum found at comets). The same basic wave instabilities'modes arc observed in planetary
foreshocks, regions where back streaming solar wind ion beams can generate I.F electromagnetic
waves. Inthislatter case the beam is not necessarily monoenergetic, and therefore the waves arc
not generated at a single narrow frequency band (the pun:p is quite broad). Because the spacecraft
is not in the same reference frame, there are aso strong 1 )oppler shifts which vary with solar wind
speed variations. On the other hand, foreshock regions have been crossed hundreds of times by
spacecraft, allowing large statistical studies of nonlinear wave/turbulence development. In this
paper wc will also examine data for passes which occur well downstream of the Earth. The rcason
why thisis of particular interest is that waves in this region have had greater time to evolve in a
temporal sense, alowing greater possibility of wave-wave interactions to occur. This will be the
second topical area addressed in this review. The third and final topic will be observations of
interplanetary nonlincar Alfvén waves,and possible wave phase-stccpening, perhaps an initial
stage in the development of heliospheric turbulence.




RESULTS

The fundamental plasma instability leading to the development of LF plasma waves discussed in
this paper isillustrated in Figure 1, shown for the comctary case. Asacomet approaches the sun,
beating of the nuclear surface leads to sublimation of its volatile atoms and molecules (-N)% H20
molccules). These particles attain velocities of -1 km sl directed radially outward from the
nucleus. At 1 AU, the time scale for photoionization and charge exchange (with solar wind
protons) to take place is ~109 s. *1'bus, the atoms and molecules typically propagate -106 km
before being ionized.

Once ionized, the ions form a narrow beam relative to the fast flowing solar wind plasma (typical
radial 11ow speeds arc ~400 km S-1) and its embedded magnetic field. If the interplanetary
magnetic field (IMF) is parallel to the solar wind velocity vector (top pancl of Figure 1), the freshly
created ions will be a beam in the plasma rest frame propagating at a velocity —Vsw (i.e, in the
direction towards the sun). If, on the other hand, the IMF is orthogonal to the solar wind flow
direction as for the case illustrated in the bottom panel of the Figure, the V x B Lorentz force will
cause the pickup of the ions, forming a narrow ring with velocity Vgw relative to the solar wind,
and a convected velocity Vgw past the spaceeraft.  For intermediate field angles, a narrow ring-
bcam distribution is formed.

All of the above three ion distributions (assuming, a sufficiently large beam density) arc unstable to
resonant wave growth. Discussions of the instabilities can be found in Wu and Davidson (1972),
Thorne and Tsurutani (1987), Brinca ( 1991), Gary (1991) and Roberts and Goldstein (1991).
Thorne and Tsurutani (1987) have pictorially illustrated the cyclotron resonance conditions. Wc
have adapted these schematics and present them here in Figure 2.

The uppermost panel of Figure 2 represents the case for the upper panel of Figure 1. In the plasma
frame, the ion beam is propagating at a speed Vgw towards the sun. The magnetosonic mode
phase speed for typical solar wind conditionsat 1 AU is-70 km s-! or - 1/S Vs,. Because the left-
hand ions are overtaking the right-hand waves, they sense the waves as left-handed. Thisis called
an anomalous Doppler shift. A cyclotron resonance can occur when the resonance condition (top
of Figure 2) ismet.

The second panel of Figure?2 illustrates the ordinary cyclotron resonant interaction. This
corresponds closely to the lower panel of Figure 1. For a predominantly orthogonal pitch angle

distribution (-90”), but with some parallel velocity component, V>V, the ion (pardlel to the
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field) motion causes the wave to Doppler-shift up to the ion cyclotron frequency. Left-hand waves
arc gencrated by this instability. The waves propagate inthe opposite dircction to the particles.
This instability is basically the same as the magnetospheric loss cone instability (Kennel and
Petschek, 1966). It should be noted, however, that for an exactly 90<’ pitch angle distribution, the
plasma distribution is stable. This is the situation for post-storm magnetospheric ring current
particles, where all particles except those at -900 are strongly pitch angle scattered towards the loss
cone.

Energetic elcctron beams or rings can also generate LF waves, but with the opposite polarization as
that for ions. Because the Doppler shift of waves must be much larger than that for ions to match
the gyrofrequency of the electrons, the kinetic energies for resonance are typically in the ~MeV
range (compared to 1-10 keV for the ions). The electron resonance examples are shown in the
bottom two panels of Figure 2.

Figure 3 illustrates the particles and waves within a planetary foreshock. in this example, the IMF
makes an angle of -45” relative to the sun-planet line, the Parker spiral angle for the Earth’s case at
1 AU. Thefield lines are tangent to the (perpendicular) shock at -02 1.T and normal m the (quasi
parallel) shock at -10 LT.

Particles reflected from the shock, escaping from the magnetosheath, or leaked from the
magnetosphere, will travel up the magnetic field lines in a direction towards the Sun, but will be
convected in the antisunward direction by the solar wind. Because the electrons have higher
velocities than the ions for the same energies, their foreshock boundary is further sunward than the
ion foreshock (Tsurutani and Rodriguez, 1981).

Theions (and electrons) are subject to the same instabilities as those at comets, cyclotron resonant
ring-beam instabilities. The only difference is the species of the ions (protons, for bow shock-
reflected and magnctosheath particles, energetic protons coming from the Earth’s magnetosphere,
and S+, S"and 0+, for Jovian magnetospheric particles). For foreshock cases, there is a
spectrum of streaming velocities of the ions, and thus the wave generation is expected to occur at a
variety of frequencies. Because the ions and electrons have high velocities relative to the spacecraft
frame, there will be strong Doppler shifts and the waves will not be measurcd at the particle
cyclotron frequencies.




Jovian Foreshock

Ever since the Pioneer and Voyager spacecraft have encountered the Jovian foreshock, there has
been a controversy about the particle species generating the upstream waves. Since relativistic
magnetospheric electrons and encrgetic ions and reflected solar wind protons are all present in the
upstream region, it is difficult to distinguish between instabilities duc to these various particles.
Smith et al. (1 976) made the first measurements and speculated that the large amplitude, nonlinear,
20 min waves (scc Figure 4), were generated by relativistic -McV electrons. Later, Voyager
results (Smith et al., 1983, 1984; Goldstein et a., 1983; 1985; 1986; Smith and Lee, 1986) led to
avariety of opinions, depending on the particular data set and emphases of the authors. So far, the
above authors have made arguments for all of the above particle possibilities. Keys to the
arguments have been the measured handedness of the waves in the spacecraft frame. The wave
polarizations in the plasma frame were inferred from the spacecraft mcasurements, However, it
should be noted that there have been no measurements made to date that have uniquely determined
the polarization in the plasma frame. All single point triaxial magnetometer measurements only
determine the polarization in the spacecraft frame. The plasma frame polarization must be deduced.
Referring back to Figure 2, it the waves were detected as left-hand polarized in the spacecraft
frame, that could correspond to the top panel of the Figure. Theright-hand waves would bc
propagating toward the sun, but because their phase velocities are less than the solar wind speed,
they could bc anomalously Doppler shifted to appear left-hand polarized in the spacecraft frame. In
this case, the right-hand polarized waves would have been generated by an ion beam propagating
toward the sun. Conversely, if the waves are detected as right-hand polarized in the spacecraft
frame, that would correspond to the third panel of Figure 4, left-hand polarized waves that are
generated by (relativistic) electron beams propagating towards the sun. The second from the top
and the bottom panels are not applicable to the foreshock case, because these correspond to large
initial particle pitch angles. By definition such particles would have small parallel velocity
components, and therefore cannot propagate far into the upstream region.

Some recent results of wave observations in the Jovian foreshock (Tsurutani et al., 1993) are
shown in Figure 5. The Jovian foreshock waves are displayed in the SH coordinate system. In
this system, % is along the spacecraft-sun line, §isin the Q x & direction, where Q is the sun's
rotation (north) pole, and z completes a light-hand system. There are several significant features
shown in the Figure. Thc waves are large amplitude, with the peak-to-peak transverse components
as large as AB/IBI - 1 and a compressional component AIBI/IBI --0.5. Solid horizontal bars in the
IBI panel indicate intervals where minimum variance analyses (Sonnerup and Cahill, 1967; Smith
and Tsurutani, 1976) have been performed. The angle that k subtends relative to B is indicated




between the third and fourth panels. The labels"L" and “R” correspond to spacecraft frame left-
hand and right-hand polarizations, respectively.

The interesting feature of the waves in Figure 5 is that there isamix of both (spacecraft frame)
right- and left-hand polarizations within the same wave train. The right-hand waves occur when
13 is relatively small, andthe left-han(ic(i waves when By islarge. I’bus, this is consistent with
the right-hand (spacecraft frame) wave cases occurring during intervals when the waves arc
propagating orthogonal to the solar wind direction and have small Doppler shifts. The left-hand
waves can be right-hand in the plasma frame propagating towards the sun (when B, is large)
which have been anomalously Doppler-shifted by the solar wind. The high frequency wave packet
detected at 1705 UT supports this hypothesis. The polarization is left-bancicd. Since wc arc fairly
certain that this is a whistler packet, this corresponds to anomalously Doppler shifted whistler
mode waves. It has been concluded (Tsurutani et al., 1993) that all of these waves within the
entire interval of thefigure could be interpreted as being right-hand polarized in the plasma frame.

Different possible ion species were considered as the source of free energy. The energies for
cyclotron resonance were calculated based onthe wave properties and the assumption of generation
by a sunward propagating ion beam. 1t was found that energetic magnetospheric heavy ion beams
(St, St+, etc.) could not be the source of the waves. The parallel velocity needed for resonance is
too low for the particles to propagate into the upstream region. The calculated paralel velocities are
lower than the measured solar wind speeds and thus such particles would be convected
downstream. Heavy neutral particles (of magnetospheric origin) ionized in the upstream region arc
a possible source, but the ambient neutral densities would have to be very large to create a beam
density that would go unstable. Thisis because the ionization time scale is very low due to the low
solar UV radiation and solar wind ion densities at such large heliospheric distances from the sun
(for photoionization and charge exchange processes, respectively). This possibility can thus be
eliminated. The last possibility is low energy protons. Substituting numbers into the resonance
condition, Tsurutani et al. (1993) found that the resonant ¢nergy in the spacecraft frameis -2 keV.
Thisis essentially the energy for reflected solar wind protons. Other intervals of Jovian foreshock
data are presently being analyzed to sce if all previously reported foreshock waves are consistent
with this scenario, or if different ion and/or electron beams must be present at some times to be
able to explain all of the observations.

The magnetosonic waves plus their attached whistler wave trains have interesting nonlinear
features. The whistler packet amplitude decreases with distance upstream of the magnetosonic
wave (Figure 5) [because the wave is propagating towards the sun while being blown back by the



solar wind, the "upstrcam” ¢nd of the wave, ¢.g., edge along the dircctionof propagation is
detected last in time in the Figures]. Because this amplitude fall-off is linear and not « xponential,
itisbelieved that Ibis feature cannot be caused by Landau damping. Dispersion of the whistler
mode components of the magnetosonic wave is a more likely possibility. The whistler and the
trailing part of the magnetosonic wave are analyzed separately using the minimum variance
method. The results are shown in Figures 6 a and b, respectively. B1. B, and By correspond to
the field components in the maximum, intermediate and minimum variance directions and A1,A2
and A3, the corresponding ¢igen values. In pane] 6a, we find that the whistler packet has a
maximum peak-to-peak amplitude of -1 .0nT in a -0.5 nT field, or alAIB/IBI value -2.0. The
wave has circular polarizationand is plane polarized (Ap/A3 = 28.0). It is propagating at a large
(-30") angle relative to the upstream ambient magnetic field. The trailing portion of the wave is
shown in panel 6b. For the two minute interval (1702-1704 UT) of this part of the magnetosonic
wave, the wave is essentially linearly polarized (ignoring the higher frequency superposed
oscillations). The interval begins at “B” and ends at “E”. Thus, the nonlinear cyclotron wave has
evolved into a wave led by a high frequency whistler packet followed by a nearly linearly polarized
structure. The nonlinear “wave” contains both high frequency circular polarization plus low
frequency linear polarization as well. Wc will say more about these features when discussing
cometary waves.

Returning to Figure 5, one other noteworthy feature is the large angles of wave propagation
relative to B. Most cometary intervals analyzed have wave k directions at angles greater than 45°.
Thisis even larger than waves in the Earth's foreshock, where typical values are - 10 -15° (Hoppe
ct al. 1981). These large angles have not been explained theorctically. Kojimaet a. (1989),
Kojima (1990) and Karamabadiet a. (1994) have been able to produce off-axis wave propagation
at small angles (<30") by assuming a dominance of the ion perpendicular energy (within the
distribution function) and also damping of parallel wave modes. However, even larger wave
angles, typical of these waves at Jupiter, cannot casily be explained by the above mechanism.

The off-axis propagation feature of magnetosonic waves in foreshocks and at comets is crucial to
much of what will be discussed here in this paper. This oblique propagation allows strong wave
steepening, nonlinear wave deformation, and as we will see later, the start of possible “turbulent
cascades’. Thisis a point that wc will return to later.



comets

An overview of the magnetic ficld associated with the solar wind interaction with comet Giacobini
Zinner isshown in Figure 7. The coordinate system is GSE where X is towards the sun, § isin
the n x x direction where 1 isin the north ecliptic pole direction, and 7 completes the right-hand
system., The closcsL approach to the nucleus occurs at (-1100 UT). The bow wave/shock inbound
and outbound crossings occur at -0930 UT and .-1215 UT and ar¢ at a- + 105 km distance from
the nucleus. The field has been displayed in polar angle coordinates so the “cometary turbulence”
is readily apparent. Note that the fluctuationsin 6 (latitude angle) and ¢ (azimuth) arc large and arc
not influenced by the bow shock/wave on either the inbound or outbound pass [there is some
decrease in the fluctuations near the outbound pass, but this has been ascribed as being due to a
directional change in the IMF near that time (Tsurutani and Smith, 1986). A change in this angle
will result in a change in the pitch angle of the pickup ion beam and thus a change in growth rate of
the resonant waves]. in this Figure, the waves found at distances up to#2 x 105 km from the
nuclcus are due to the free energy associated with heavy cometary ion pickup (H20%, OH+, O+).
To date, no major fraction of tile waves found at any of the comets explored (Grigg-Skjellerup
[Glassmeier and Neubauer, 1993; Neubauer etal. 1993a], Halley [Glassmeier et al., 1989] and
Giacobini-Z.inner [Tsurutani, 1991 ]) has been foundto be associated with bow shock/wave
reflected ions. It is possible that duc to the presence of such strong turbulence generated by the
pickup ion instabilities, such ions would be rapidly scattered before propagating very far from the
shock. Another factor is that cometary bow shocks are quite weak (Smith et al, 1986; Neubauer,
et al., 1986; 1993 b). Due to the solar wind mass loading, the shocks have Mach numbers of only
-2.0 (Schmidt and Wegmann, 1991). Thus, particle reflection from such subcritical shocks would
be expected to be quite weak or nonexistent.

The turbulence at comet GZ with measurable wave amplitudes extended to 7 X 105 km (Tsurutani
ct a., 1987). At Halley, where the bowshock was located at 1.1 x 10°km from the nucleus, the
turbulence was detected at distances up to 3 x” 106 km (Glassmeier et al, 1987) and for GS (which
had the weakest neutral production rate and a bow shock location of 104 km), a distance of 2 x 104
km from the nucleus (Glassmeier and Neubauer, 1993).

Our paradigm of GZ wave development as a function of time (and also distance from GZ) is
shown in schematic form in Figure 8. ‘I'he figure illustrates the various wave features that were
detected as the ICE spacecraft went through the turbulence from below to above. The solar wind
comes from the left. The temporal evolution of the waves can be noted as ICE gets closer and
closer to the comet nucleus. The reasoning is as follows: imagine a spherical shell of embyronic
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sinusoidal waves first formed at -106 km from the nucleus. The idea is these embryonic waves
would be sinusoidal and have small amplitudes when first formed. As the waves sunward of the
comet get convected by the solar wind towards the nucleus, the continuous formation of cometary
ions sunward of the comct gives additional free energy for continual amplitude growth. Thus the
amplitudes will increase into the nonlinear range where phase-steepening (Cohen and Kulsrud,
1974; Tsurutanict a., 1987) will occur. Thisis illustrated in the next-to-botlom sketch. As the
waves get driven harder or evolve further, they form whistler packets, shown in the third from the
bottom pane]. The mechanism for this packet generation will be discussed later. Finaly, very
closcto the bow shock, as the train of magnctosonic waves plus whistler packets expand further,
they will run into their neighbor waves. At this point in time, some very interesting physical
processes may occur. Wave-wave interactions such as the modulational or decay instabilities could
lead to the creation of daughter or granddaughter waves, forming a fully turbulent plasma,
However, wc will show later that the waves around comet GZ and GS occupied too small of a
spatial region todcvclop into a fully turbulent state (they quickly get convected into the
downstream region). On the other hand, tbc comet Halley turbulence region was far larger (due to
a much higher comet neutral gas production rate), and the measured 1 lallcy turbulence dots not
have well defined wave structures such as those at GS or GZ (Glassmeicr et al., 1989). Wc arc
presently examining Halley to determine if such second or third generation waves arc present or
not.

The power spectra of the transverse magnetic field components of three comets arc shown in
Figure 9. The wave interval for each comet was selected just upstream of its bow shock/wave, so
that the development of "turbulence” could be compared for similar scales. The power spectra of
the two transverse components were averaged. From the Figure, first note that the power spectra
at each comet is strongly peaked at -10-2 Hz, the water group ion cyclotron frequency. Thisis the
“pump” wave for the cascade system. At frequencies higher than the pump, the power spectral
fall-off has a -19 dependence for GZ, -2-1for 1 1alley and -39 at GS. The power law spectra
have suggested the possible development towards Kolmogorov or Kraichnan turbulence via wave-
wave interactions (Tsurutani and Smith, 1986a; Acuna, 1987; Glassmeicr et al., 1987). We will
later show that this picture is perhaps too simplistic.

Figure 10 illustrates the GZ waves as they first begin to develop. This example is taken at a
distance of 4.5 x 105 km from the nucleus. Waves at further distances are identifiable as cometary
in nature, but have amplitudes too small for accurate minimum variance analyses. At this stage in
their development, the wave magnitudes appear to have profiles similar to ocean waves: slow,
gradual buildups in amplitude (from 0352:45 to 0353:45 and 0353:50 to 0355:10 UT) and abrupt
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decreases at the “leading cdges” which trail in time, (0353:50 and 0355:10 UT). It should be noted
that the expected small amplitude sinusoidal waves were not obscrved at larger distances from the
comet. All waves detected were somewhat steepened. ‘I his observation may be due to the large
solar wind background fluctuations covering up the smallamplitude waves, or that wave
steepening procecds quite rapidly, even at moderate wave amplitudes. At this time, the correct
pictureis not clear. Embryonic sinusoidal waves were not found at comet Halley as well.

The polarizations of the two wave "breakings” are shown in minimum variance coordinates in
Figures11and 12. The leading portions correspond to planar waves with circular polarization. In
both cases, the wave is left-hand polarized in the spacecraft frame, consistent with a right-hand
wave that has been anomalously Doppler shifted to left-hand polarization by the solar wind
convective flow. The waves are propagating at substantial angles relative to the ambient field, 29°
and 407, respectively.

As waves develop further, wc have the situation shown in Figures 13 and 14. This example
takes place at a distance of -2.5 x 105 km from the nucleus. This wave corresponds closely to the
next to bottom schematic of Figure 8. In Figure 13, the trailing part of the magnetosonic wave
(from 718:20 to 719:09, or from the beginning of the interval to point 1), is linearly polarized.
This is indicated by the lack of phase rotation from points Bto 1 in Figure 14, and is due to a
purely compressive component of Bz (and IBI) [sce Figure 13]. Note that this polarization is not
the typical transverse linear polarization that one ordinarily encounters. In this case, the
polarization is due to a purely compressive component (wave-particle interaction will not result in
pitch angle scattering, but particle mirroring).

Almost all of the 360" phase rotation of the wave occurs at the |eading edge, between points 1 and
4 in the two Figures. In fact, there is -270'” of phase rotation from point 2 to 3, within 2 to 3s of
the 100s wave. In terms of wave power, such as the power spectra shown in Figure 9, this
represents some of the high frequency power in the “cascade” part of the spectrum. The wave is
planar and left-hand circularly polarized in the spacecraft fi amt.

Figure 15, is aexample of awave at 1.6 x 1 05 km from the nucleus of GZ. The wave not only has
developed into a nonlinear wave with astrong (AIBI/IBI - 1.0) compressive factor (from 6.5 nT to
amost 13.0 nT), and a region of sharp phase rotation (- point 4), but some small amplitude
upstream whistlers are present as wc]].
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Even closer to the comet nucleus, we find afully developed train of nonlinear waves plus their
whistler packet precursors. This is shown in Figure 16. This event occurs at a distance of -10°
km from the nucleus. Schematically, this corresponds to the third from the bottom panel of Figure
8.In the interval from 0915 to 0920, there are two magnetic magnitude peaks per -100s wave
cycle, evidence of wave evolution that is not only detected in the wave data, but in simulations as
well (Omidi and Winske, 1990). Wc will returnto this topic shortly.

Figures 17 and 1§ show a high frequency whistler packet in high resolution. The waves have -3s
periods, arc left-hand circularly polarized in the plasma frame, and occur at the leading edge of a
magnetosonic wave (not shown). The packet amplitude decreases linearly with distance from the
magnetosonic wave, shown in the B panel, This feature is similar to the Jovian foreshock wave
illustrated earlier. The packet occurs in the spatial region near the upstream compressive ramp and
serves to decerease the field magnitude from a peak value near -14 nT, down to an upstream field
value of ~10 nT. The By - B2 hodogram in Figure 18 shows this rotation (top panel). The other
two hologramsindicate that the packet is plane-polwizccl.

Figures 19 and 20 illustrate an example of further nonlinear development of magnetosonic waves.
This example was taken at a distance of -1.6 x 105 km from the nucleus. At 0827 UT there is a
decrease in IBl, leaving local peaks in B magnitude on cither side. It appears as if the wave is
splitting into two parts. Computer simulations have shown remarkabl y similar features (Figure 21,
taken from Omidi and W inske, 1990). In the Omidi and Winske simulations they note that not
only is wave-splitting occurring, but the leading half of the wave is traveling dightly faster than the
average speed and the trailing portion slightly slower than the average, so the wave length is
increasing with time. 1f these waves arc part of amulticycle wave train, then neighboring waves
will eventually collide and perhaps interact, giving the 4th from bottom (and top) case of Figure 8.
Intense wave-wave interactions may occur at this stage, with the start of the formation of a
turbulent cascade.

A curious feature of this particular example is shown in Figure 20. In the region of wave splitting,
from points 1 to 3 of Figure 19, thereis afull 360" phase rotation of the magnetic field. The sense
of rotation isright-hand polarized in the spacecraft {rame. This can therefore be due to aright-hand
wave in the plasma frame flowing in the downstream (solar wind) direction or a left-hand wave
propagating in the sunward direction, but being anomalously Doppler-shifted by the solar wind
convection flow. We cannot tell which of the two possibilities is the correct one. However if the
former one is correct, this wave may be a daughter wave from a decay instability (Tsurutani et al.,
1990). The wave has an -8s period.
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From point 3tothe end of the interval, 0827:20 UT, there is a sharp wave phase rotation. It is
left-hand circularly polarized in the spacecraft frame consistent with a right-hand polarized
(whistler mode) wave in the plasma frame. The peak-to-peak amplitude is -13 nT inag8nT ficld
magnitude.

Deep Foreshock Waves

A schematic of the waves in the Earth’s foreshock was shown in Figure 3. What we wish to
examine arc waves in the region of the foreshock where wave-wave collisions may have taken
place. This cm-responds to the region on the far lower right of the Figure, the downstream region.
The time that it takes to convect from the upper right part of the foreshock to the downstream
region islonger than either the development time of waves detected at GZ or GS (in terms of ion
cyclotron periods), and thus this is a good region of space to search for the presence of daughter
and granddaughter waves. On the other hand, we should note that there is not a continual free
energy source present, as for the cometary case. Thus, wave damping by cyclotron and Landau
effects may overcome nonlinear effects and it is therefore. possible that such three-wave processes
may not occur in the foreshock. Thiswill be the first attempt to examine the Earth’s foreshock for
this possible phenomena. Figures 22 a,b,c show the IS} ‘E-3 lunar encounters and the deep tail
passes (Farquhar et al., 1986; Tsurutani et al., 1986). ‘I’"hey also show 5 passes where ISEE-3
was in the foreshock of the Earth, but well downstream of the planet. 1t isthese regions that are of
prime interest to us here.

Onc example of turbulence-like magnetic field structure is given in Figure 23 in GSE coordinates.
The fields are far more irregular than found in the upstream foreshock case (see examples in Hoppe
et a., 1981). There arc no well-defined whistler packets or clearly periodic waves present.

The results of a coherency analysis is given in Figure 24. The coherence between B 1and B2 is
typically 0.6to 0.8at frequencies between 3x10°to 5 x 10-2 Hz, and a phase lag of -90°. At
frequencies from 1()-1 Hz to 7 x 1()-1 Hz, the coherency between B1and B2 is 0.9 and the phase
- —90”. At the highest frequencies, >1(Hz, the coherency is -0.9 with zero phase lag. The first

two intervalsarc consistent with left-hand circularly polarized waves.

In this interval we have also found mixed polarizations. An example is shown in Figure 25.
Within the interval 0113:29 10 0113:57 UT, there arc two ~360° phase rotations which seemingly
have the opposite sense (top panel). Each wave has been analyzed separately (bottom two panels).
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We find that they clearly have the opposite sensc of polarity in the spacecraft frame. The one on
the left has right-hand polarity and the one on the right, left-hand polarity. Ineach case, OBk. the
angle between the wave k vector and the x-axis (or the approximate solar wind flow direction), is
small. Therefore thereislittle chance that thisis duc to a simple shift in the IMF orientation from a
direction -parallel to -perpendicular (or vice versa)to Vsw. On the other hand, one cannot rule out
the possibility that the two waves have the same plasma frame polarity, onc propagating towards
the sun and the other away. Further research is necded to1csolve this problem.

From the time intervals given in Figure 25, the wave periods are - 10s and -7s respectivel y. Thus,
the wave power would fall into the sccond frequency interval discussed previously. Therefore, the
total amount of right-hand wave power present in the interval analyzed must be small or else the
coherency anal yses would have indicated a linear polarizati on.

Interplanetary Discontinuities and Alfvén W aves

The plasma and field properties that can be used to distinguish four different types of
discontinuities arc listed in Table 1. The mass flux properties across the discontinuity surface,
pVu, where p is density and Vy, is the velocity normal to the discontinuity surface, are listed in
column 2. The change in the tangential component of magnetic field 1 It, across the surface, and
the normal component of the ficld, Hy, arc listed in column 3. Of the 4 types of discontinuities
potentially present in a hot plasma, contact discontinuities have not been reported in the solar wind,
and arc in many ways scientifically uninteresting. Shocks are present and have received
considerable attention in the literature. However because shocks arc typically associated with high
velocity stream structures, either impulsive coronal mass gjection events from the sun or steady
high velocity flows from corona] holes, they are typically observed only once per week or so at 1
AU. Directional discontinuities, tangential and rotational, occur much more frequently, perhaps
one or two per hour (Tsurutaniand Smith, 1979; Lepping and Behannon, 1986).

An ideal tangential discontinuity has no mass flow and no field component normal to its surface.
There can be a significant change in the tangential field component crossing the discontinuity
surface, however. A rotational discontinuity can be thought of as a sharply kinked Alfvén wave.

A rotational discontinuity dots have substantial mass flow across its surface, has afield component

normal to its surface, and for isotropic plasmas, has a constant tangential field component
magnitude.
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A schematic illustrating these two types of discontinuities is illustrated in Figure 26. As can be
seen, a tangential discontinuity can have totally different fields on either side of itssurface. The

magnitude and direction canbe quite different. There is no ficld penctration of its surface,
however. The total plasma plus magnetic pressure should be conscrved across its boundary,
[B2%/4x + nkT] = O.

The above descriptions are for idealized rotational and tangential discontinuities. Of course, real
plasmas are not nccessarily isotropic. And rea discontinuitics may have properties of both
tangential and rotational discontinuities (L.andau and Lifschitz, 1960). However even with these
caveats, very fcw discontinuities have been found with ideal properties (within limits of the
measurements). As an example, out of thousands of discontinuities cxamined, a (tangential)
discontinuity with no normal component (at levels within the magnetometer sensor noise) has not
been found. All have some significant normal component above measurement errors. The same is

true for rotational discontinuities. Only afew have been found for which field magnitude is
conserved (within measurement error).

Figure 27 is an example of arotational discontinuity that almost fits the idealized model. The
“thickness” is about 15s, corresponding to ascale of ~600 km. The rotation in minimum variance
coordinates is shown in Figure 28. The norma componecnt, B3, isnonzero, but only slightly so.
Thisis about as ideal an example as has been found by the authors and should be thought of as a
relatively rare case.

A method of computerizing the selection of discontinuities using 1 min average IMF data was first
devised by Tsurutani and Smith (1979). The criteria arec A B/111 > 0.5and AB> 28 where 8 isthe
variance on either side of the discontinuity. In a study using both Pioneer 10 and 11 magnetometer
data when the two spacecraft were within 1 * of radial alignment, the temporal variations were
removed, leaving the radia dependence of discontinuity occurrence rates. The occurrence rates
had fall-offs that varied exponentially with distance. 1t was concluded that this was due to a
thickening of the discontinuity as a function of decreasing field strength. To normalize the rate to 1
AU, afactor ¢-1/4 was empirically derived, where r isin units of AU.

Figure 29 is the post-Jupiter Ulysses data as Ulysses goes from the equatorial plane to -50”
latitude. The panels from the top arc: the solar wind density, the magnetic field magnitude, the
solar wind speed, the number of discontinuities day-! calculated by the Tsurutani-Smith (TS)
method, the number calculated by the Lepping-Behannon (1986) method and the satellite locations
in distance and heliographic latitude. The important feature to note is that as Ulysses goes into and
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out of the coronal hole high speed stircams (increases and decreases in velocity, respectively), the

number of discontinuitics day-1 also increases and decreases in phase with the velocity variations.
This discontinuity rate variability is not simply due to the increase in convection speed (shown in
Tsurutanict al., 1995). As Ulysses rcaches a high enough latitude so that it is permanently
immersed in the polar coronal hole stream, the rate of discontinuity occurrence determined by the
TS method is -150-200 day-!, about 4 to 5 times that in the ecliptic plane at 1 AU. The primary
cause of this relationship is shown in Figure 30. This is an interval at large (negative) heliospheric
latitudes where the solar wind speed is a constant -700 km s-1. The field components show a great
deal of fluctuations due to the presence of Alfvén waves with ABI/IBI-1 1o 2. The waves are
propagating outward from the sun (Tsurutani et al., 1994). The high Altvénic fluctuation levels (at
1 AU) in high specd streams was first pointed out by Belcher and Davis (1971). Figure 31 shows
the correlations between the SH components of VandB. For this 24 h interval, all three
components arc correlated and have peak correlation coefficients at zcro lag. This is consistent
with the fluctuations being Alfvénic and the waves propagating radialy outward.

Figure 32 is the magnetic held at 5.2 AU, at alatitude of -6.0°, in higher time resolution. Vertical
lines indicate discontinuitics detected by the TS method. From the Figure it can be noted that
discontinuitics often occur at the edges of the more slowly rotating Alfvén waves. We find that
this relationship is readily apparent in 30-60 % of cases examined.

To determine the detailed relationship between discontinuitics and Alfvén waves, wc have
performed minimum variance analyses on a dozen or so individual cases. Figure 33 illustrates the
results of one case. in the top panel, the B 1-B2 hodogram of the wave plus discontinuity interval
isgiven. The time interval is 0508 to 0622 UT January 17, 1992. Theficld components were
shown in Figure 32. In the hodogram, the field rotates from the far right, to the left and then back
again. This comprises a~360° rotation in phase.

We use the field minimum variance coordinate system determined from the analysis of the whole
wave pulse discontinuity interval and plot the B;-B2 field relationships for the wave interval alone
(left) and for the discontinuity interval aone (right). We find that the Alfvén wave rotates from the
right to the left and then ab